ABSTRACT Dietary phosphorus (P) is known as a main modulator of phosphate (P i ) transporter expression. The effect of supplemented mineral P with or without phytase on protein expression of two sodiumdependent P i (NaPi) transporters and a calcium channel was studied in the small intestine of broilers. Thirty-six broilers were randomly assigned to six different diets at 15 days of age. Two levels of total P (tP, adjusted by monocalcium phosphate (MCP) supplementation), 0.39% (BD−) and 0.47% (BD+) were fed until day 25; and at each tP level, three levels of phytase were used with 0, 500, and 12,500 FTU/kg of an E.coli phytase. Mucosa samples from jejunum and ileum were taken and apical membranes were isolated by MgCl 2 precipitation. Protein expression of NaPi IIb, NaPi type III (PiT1) and the calcium channel TRPV6 were semiquantitatively measured by Western blotting and jejunal mucosal phytase activity by measurement of P i release. The jejunal NaPi IIb transporter was expressed with two distinct bands, which were modulated differently by diet. NaPi IIb Band1 increased (P < 0.05) and Band2 decreased (P < 0.05) with phytase supplementation but was not affected by MCP supplementation. This inverse modulation of Band1 and Band2 was significantly related to the amount of net absorbed P with higher expression of Band1 at higher amounts of net absorbed P. In addition, a second P i transporter, PiT1, was detected in which ileal expression decreased (P < 0.05) in response to higher phytase supplementation. The expression of the calcium channel TRPV6 was increased in BD+ groups. A trend for an interaction between MCP and phytase supplementation on mucosal phytase activity was observed (P = 0.079) with a decrease in activity when BD+ with 12,500 FTU/kg phytase was fed. Chicken intestinal epithelial cells responded to dietary supplemented phytase and MCP by changing the P i transporter expression in apical membranes. In conclusion, availability of P i is most likely the key modulator of transporter protein expression. However, a contribution of lower inositol phosphates generated by phytases and other phosphatases may also be relevant.
INTRODUCTION
Many efforts were made to increase intestinal phosphorus (P) release in chicken, broilers as well as laying hens, to improve metabolic performance and reduce environmental burden with phosphate (P i ) released by manure (Letourneau-Montminy et al., 2013; Ahmadi and Rodehutscord, 2012) . A part of the P in the feed is mineral P, which usually is soluble and relatively easy to absorb. The remaining P is present as organic P, mainly as phytate (any salt of myo-inositol 1,2,3,4,5,6-hexakis phosphate (InsP 6 )) which is less soluble, slowly digestible and cannot be absorbed in C 2015 Poultry Science Association Inc. Received November 4, 2014. Accepted January 8, 2015. 1 Corresponding author: korinna.huber@tiho-hannover.de the gastrointestinal tract efficiently. Increasing the digestibility of phytate-P by adding microbial phytases to the diet is well established in chicken feeding regimens to enhance P utilization in the animal (Selle and Ravindran, 2007) . Nevertheless, a well-developed P i transport capacity of intestinal mucosa of chicken is important for increased P utilization and thus essential to connect intestinal digestive processes and nutrient supply with the body's P demand for an adequate metabolic performance. P i is absorbed by passive and active transport processes in the small intestine (Sabbagh et al., 2011) . Active intestinal P i transport in many mammalians, birds, and fish is mainly mediated by sodium-dependent P i transporters of the solute carrier family SLC34, such as the NaPi type IIb (NaPi IIb, SLC34A2) (Murer et al., 2001) . A second sodium-dependent P i transporter was detected in the brush border membranes (BBM) of rodent small intestine, which belongs to SLC20, the NaPi type III or PiT1 (SLC20A1) (Giral et al., 2009) . In chicken, intestinal P i transport is also well examined. Quamme (1985) showed that P i was co-transported with sodium across the BBM of the duodenal epithelium of young chicken driven by electrical and sodium gradients. This entry of P i into the enterocytes was found to be the rate-limiting step for trans-epithelial P i absorption and could be stimulated by low dietary P, vitamin D 3, and low pH. Later, the molecular basis of this apically located P i transport was identified. A sodium-dependent P i cotransporter of the SLC34 family was cloned from the small intestine of 28-day-old Ross 308 broilers and classified as subtype A2 or NaPi IIb with a high homology to the NaPi IIb of zebrafish and flounder (Yan et al., 2007) . NaPi IIb expression was much less observed within tissues in chicken compared to mammals in which NaPi IIb is expressed in many different locations. In chicken, its expression is mostly restricted to the intestine, where its mRNA expression was highest in duodenum and decreased along the intestine axis with the lowest values in the ileum. Feeding a diet restricted in non-phytate P (0.20/0.25% vs. 0.40/0.55% of diet) enhanced NaPi IIb mRNA expression in all parts of the small intestine of laying hens and broilers significantly (Yan et al., 2007; Nie et al., 2013) . The regulation of NaPi IIb expression on the mRNA level by dietary P was intensely examined in chicken (Huber et al., 2006; Yan et al., 2007; Han et al., 2009; Nie et al., 2013) . On the protein level, to our knowledge, only one study described detection of NaPi IIb and its regulation in apical membranes of duodenal, jejunal, and ileal epithelia of 40-day-old Ross broilers. In these chicken, restricted dietary P supply (0.43% total P (tP)) resulted in an enhanced expression of NaPi IIb protein, and in an increased capacity of sodiumdependent P i transport across BBM in the duodenum (Fang et al., 2012) . In contrast, a 4 h switch from a diet with 0.43% tP to 1.48% tP acutely enhanced expression of NaPi IIb protein and sodium-dependent P i transport in the jejunum (Fang et al., 2012) . To summarize, luminal P i in the small intestine appears to modulate the P i transporter expression on the mRNA and protein level, and, thereby, P i transport capacity in chicken intestine.
To increase P availability in the intestinal lumen supplementation of phytases to the diets of broilers and laying hens is commonly performed besides feeding mineral P sources. However, dietary phytase supplementation alone did not result in concomitant changes of NaPi IIb mRNA expression along the intestine axis (Olukosi et al., 2013) . By phytase action, P i was increasingly released due to step-wise degradation of InsP 6 , especially when low-P diets are fed (Slominski, 2011) . As a hypothesis, this indicates interactions between mineral P and phytase activity resulting in variation of luminal P i , which is not simply based on the sum of P i derived from mineral sources and InsP 6 degradation. This may consequently lead to a different modulation of P i transporter expression.
Therefore, the major aims of this study were to determine the protein expression of two sodium-dependent P i transporters, the NaPi IIb and the PiT1, in the BBM of the small intestine of broilers influenced by dietary monocalcium phosphate (MCP) supplementation with and without supplemental phytase. Variations in luminal P i by dietary MCP and phytase may also influence the transport of ionized calcium (Ca 2+ ), thus expression of an intestinal Ca 2+ channel (transient receptor potential vanilloid cation channel, subfamily V, member 6; TRPV6) was also examined. The potential role of InsP 6 derivatives generated in the lumen as modulators of P i transporter expression will be discussed.
MATERIALS AND METHODS

Animals
Study design and animal management were described in detail by Zeller et al. (2015) . Nine hundred and sixty broiler hatchlings were randomly allocated, 20 birds per pen, to 48 pens and were fed six experimental diets from day 15. At 24 days, 15 out of the 20 birds of each pen were used in the companion study to investigate P net absorption, InsP 6 hydrolysis, and inositol phosphates in the small intestine. At 25 days, one out of the remaining birds was randomly selected in six pens per feeding group. These 36 birds (six individual birds per treatment) were used for the investigation of protein expression of intestinal sodium-dependent P i transporter. The study was performed in the Agricultural Experiment Station of Hohenheim University, location Lindenhöfe in Eningen (Germany) and was approved by the Animal Welfare Commissioner of the University to be in accordance with the German Welfare Regulations. Broilers were raised and kept under standard conditions including routine vaccinations. Diets and water were provided for ad libitum consumption.
Diets
Ingredients and nutrient composition of the diets were described in detail by Zeller et al. (2015) . The study had a 2 × 3 factorial arrangement of treatments (two MCP levels and three phytase levels). Two basal diets were calculated to contain adequate levels of all nutrients with the exceptions of Ca and P. Corn and solvent-extracted soybean meal were chosen as the main ingredients to obtain low concentrations of tP and low intrinsic phytase activity. The basal diets had the same composition, with the exceptions of MCP (BD+ containing MCP; BD− containing no MCP), sand, and limestone. The tP concentrations (0.39% in BD− and 0.47% in BD+) were below the recommendation of the Gesellschaft für Ernährungsphysiologie (1999) for broilers (0.51% non-phytate P). The ratio of Ca to tP in BD+ and BD− was calculated to be 1.5:1. An Escherichia coli phytase produced in Trichoderma reesei (Quantum Blue R , EC 3.1.3.26, supplied by AB Vista, Marlborough, UK) was added to obtain three different levels of supplemented phytase with 0, 500, and 12,500 FTU/kg in BD− and BD+ diets.
Tissue Sampling
At day of slaughter, all birds were stimulated to eat in the last hour before slaughter by removing feed two hours prior to slaughter but providing feed again one hour before slaughter. Birds were then anaesthetized by inhalation of a gas mixture (35% CO 2 , 35% N 2 , and 30% O 2 ) and killed by CO 2 asphyxiation. The gastrointestinal tract was immediately removed from the abdominal cavity and two segments of small intestine were taken: the terminal part of the jejunum, defined as the posterior half of the section between 2 cm posterior to the gizzard and Meckel's diverticulum, and the terminal part of the ileum, defined as the posterior two-thirds of the section between Meckel's diverticulum and 2 cm anterior to the ileo-ceco-colonic junction . The gut lumen was opened at the mesenterial border and gently washed with ice-cold saline to remove gut content. Mucosal samples were then stripped from the underlying muscle layer with a glass microscope slide and were shock-frozen in liquid nitrogen.
Preparation of BBM
Mucosa samples were ground in liquid nitrogen and about 500 mg of tissue meal was homogenized in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid/mannitol buffer (HEPES 2 mM, mannitol 50 mM, PMSF 25 mM). These initial homogenates on ice were then treated for 10 s with ultrasound (0.5 s pulse, 1 s interval, 50% amplitude) using an ultrasound needle (Sonopuls, Bandelin, Berlin, Germany). To precipitate basolateral membranes, MgCl 2 solution (1 mol/L) was added to a final concentration of 10 mM and shaken (25 rpm) for 20 min at 4
• C. After centrifugation at 3,000 × g supernatant was transferred in a new tube and centrifuged at 30,000 × g to concentrate the BBM in the pellet. BBM pellets were resuspended in HEPES/mannitol buffer (HEPES 20 mM, mannitol 300 mM, MgSO 4 0.1 mM) containing protease inhibitors (Complete mini, Hofmann-La Roche, Mannheim, Germany) by passing the suspension 10 times through a syringe with a 22-gauge needle. Aliquots of the final BBM preparations were shock-frozen in liquid nitrogen and stored at −80
• C until analysis. Protein content of BBM preparations was determined according to Bradford (1976) by using a commercial Coomassie blue protein assay (Serva, Heidelberg, Germany). Enrichment of apical membranes was determined by measuring β-actin expression by Western blotting in initial homogenates and final BBM preparations.
Detection of Transporter Proteins by Western Blotting
BBM protein in loading buffer (50 mM TrisHCl (pH 6.8), 10% glycerol, 2% sodium dodecylsulfate, and 0.25% bromphenol blue, 2% mercaptoethanol) were heat-denatured at 95
• C for 5 min before loading 30 μg of BBM protein per lane on a 5% stacking/8.1% separation polyacrylamide gel. Electrophoresis was performed according to Laemmli (1970) . For the detection of PiT1, a lysate of cells (MCF-7 human epithelial whole cell lysate, antibodies-online, Aachen, Germany) expressing PiT1 as positive control sample was loaded on the respective membranes. Detection of transporter and channel proteins was performed after blocking the membranes in 5% fat-free milk/PBS, 0.1% Tween at room temperature for 2 h. Membranes were incubated overnight at 4
• C with antibodies against NaPi IIb (USBiological, Swampscott, MA, USA) 1:300 and against PiT1 (Aviva Systems Biology, San Diego, CA, USA) 1:1,000 in 3% BSA/PBS, 0.1% Tween, and against TRPV6 (Alomone Labs, Jerusalem, Israel) 1:300 in 1% BSA/PBS, 0.1% Tween. Detection of primary antibodies was performed by 1:2,000 anti-rabbit secondary antibodies conjugated to horseradish peroxidase (HRP) (Cell Signaling Technology, Danvers, MA, USA). After washing, membranes were incubated with chemiluminiscence substrate and extent of expression was quantified by densitometry of signals with Quantity One software (BioRad, Munich, Germany). Specificity of heterologous antibodies against chicken NaPi IIb and TRPV6 was validated by pre-incubation studies with the antigenic peptide. For validation of PiT1 signal, comparison with specific bands in the epithelial cell lysate was performed. All Western Blots were done in duplicate; linearity of signal detection was tested. Finally, all membranes were stained with Indian ink (Pelikan, Germany) to ensure equal protein loading of the lanes. Specific signal intensity was related to protein loaded in each lane.
Phytase Assay
Mucosal phytase activity was determined using BBM preparations of the jejunal segment (n = 4 to 5/group, due to limited material) according to Maenz and Classen (1998) with some modifications. In short, BBM aliquots were thawed on ice, re-suspended by passing the apical membranes 10 times through a syringe with a 22-gauge needle and diluted with HEPES/mannitol buffer (HEPES 20 mM, Mannitol 300 mM, and MgS0 4 0.1 mM) to a concentration of 0.9 mg BBM protein/ml. Again, BBM were resuspended by needle suction. Incubation of BBM was performed at 41
• C in phytate assay buffer (HEPES 56.7 mM, TRIS 60 mM, MES 60 mM, MgCl 2 30 mM, and dipotassium phytate 0.48 mM; pH 6.0, pre-heated at 41
• C). To start the reaction, 20 μl of BBM suspension were mixed with 100 μl phytate buffer to adjust a final concentration of 0.15 mg BBM protein/ml incubation buffer. Sample incubation was done in triplicates. Reaction was terminated by adding 80 μl of ice-cold 50 mM trichloroacetic acid after 0, 2.5, 5, and 7.5 min and P i concentration was determined in supernatants by using a highly sensitive P i determination assay containing malachite green and ammonium molybdate (Abcam plc, Cambridge, UK). P i released from phytate was calculated from absorbance readings at 650 nm. Phosphate measurements were done in triplicates of each supernatant. The rate of P i liberation (nmol P i /mg BBM protein per min) was determined by the slope of time-dependent increase in P i liberation using linear regression analysis.
Statistics
Transporter expression and endogenous mucosal phytase activity results were analyzed by two-way ANOVA for factor "MCP supplementation" and factor "phytase supplementation" and their interaction. When two-way ANOVA showed significance, multiple Tukey comparisons as posttests were performed. Differences with P < 0.05 were set to be significant, a statistical significant trend was set with P < 0.1. Linear regressions were performed to correlate calculated net absorbed P (n = 6 pens of 15 animals per pen) in the duodenum/jejunum (pooled) (data shown in Zeller et al., 2015) and extent of NaPi IIb transporters (n = 6 individual birds) in the lower jejunum. These statistical analyses were performed using GraphPad Prism version 6.0 software.
Pearson correlation coefficients between transporter expression in the lower jejunum and ileum and concentrations of InsP 6 derivatives in the duodenum/jejunum and ileum respectively were estimated using the statistical software package SAS for Windows (version 9.1.3, SAS Institute Inc., Cary, NC, USA). Results were considered statistically significant at the P ≤ 0.05 level.
RESULTS
Specificity of Signals revealed by Heterologous Antibodies in the Chicken
The NaPi IIb antibody revealed two distinct bands in jejunum samples at about 105 kDa (Band1) and at about 90 kDa (Band2), of which the lower Band2 was also detected in ileum samples ( Figure 1A ). The bands could be completely eliminated by pre-incubation with the antigenic peptide ( Figure 1A) indicating the specificity of NaPi IIb detection in chicken small intestine. Because the two NaPi IIb bands in jejunum were differentially modulated by diets (as described later in more detail) they were analyzed separately. The PiT1 antibody also produced two bands with one major band at about 74 kDa and a smaller band at about 70 kDa in the ileum and jejunum (not shown), which was in accordance with the signals in the positive control (cell lysate, expressing PiT1) ( Figure 1B ). Both bands were modulated equally by diets, thus they were analyzed to- gether. The TRPV6 antibody revealed a strong major band at about 100 kDa in jejunum and ileum samples ( Figure 1C ), which could be completely eliminated by pre-incubation with the antigenic peptide ( Figure 1C ). This indicated the specificity of TRPV6 detection in chicken small intestine.
P i Transporter and TRPV6 Expression in BBM
In jejunum samples, NaPi IIb was expressed in two distinct bands, which were differentially modulated by the diets. Expression of Band1 was significantly increased due to phytase supplementation (P < 0.05) but MCP supplementation had no effect (Figure 2A ). NaPi IIb Band2 was inversely modulated with a decrease in expression when diets were supplemented with phytase (P < 0.05) ( Figure 2B ). In the BD− groups, this decrease in Band2 expression appeared to be stronger than in BD+ groups. In the ileum, only NaPi IIb Band2 was expressed and its expression was decreased by phytase supplementation in the BD− and BD+ groups (P < 0.05) ( Figure 2C ). No interactions between MCP supplementation and phytase supplementation were observed. Protein expression of Na + -dependent P i transporter NaPi IIb in jejunum (A, B) and ileum (C) of broilers as affected by monocalcium phosphate (MCP) supplementation (BD− without MCP; BD+ with MCP) and phytase supplementation. A Jejunal NaPi IIb Band1 was more expressed in broilers fed supplemental phytase. B Jejunal NaPi IIb Band2 was expressed less in broilers fed supplemental phytase, but this was more pronounced in BD− groups. C Ileal NaPi IIb was expressed less in broilers fed supplemental phytase. In Figure 2A to 2C, two way ANOVA revealed significant effects for the factor phytase supplementation P < 0.05 (factor MCP supplementation n.s., interaction n.s.); means±SEM were presented, n = 6; * * P < 0.01 Tukey´s multiple comparisons test.
In the jejunum, the highest phytase dose decreased PiT1 expression in broilers fed without supplemental MCP ( Figure 3A) . Phytase supplementation did not change PiT1 expression in the presence of MCP, which was also indicated by a trend for an interaction between factors MCP supplementation and phytase supplementation (P = 0.08). In the ileum, supplemental phytase decreased PiT1 expression in both BD− and BD+ groups (P < 0.05) ( Figure 3B ).
Expression of TRPV6 was significantly increased by supplemental MCP in the ileum (P < 0.01) but not in the jejunum (Figure 4A and 4B) . Again, no interaction was observed. Protein expression of Na + -dependent P i transporter PiT1 in jejunum (A) and ileum (B) of broilers as affected by monocalcium phosphate (MCP) supplementation (BD− without MCP; BD+ with MCP) and phytase supplementation. A Jejunal PiT1 was expressed less in phytase-treated broilers but only in BD− with the greatest phytase supplementation. B Ileal NaPi PiT1 was expressed less in phytase-treated broilers but this was more pronounced in BD− groups. In Figure 3A two way ANOVA revealed significant effects for the factor MCP supplementation (P < 0.05), for the factor phytase supplementation (P < 0.05), and a trend for an interaction P = 0.08, in Figure 3B two way ANOVA revealed significant effects only for phytase supplementation (P < 0.05) (factor MCP supplementation n.s., interaction n.s.); means±SEM were presented, n = 6; * P < 0.05, * * P < 0.01 Tukey´s multiple comparisons test.
Net absorbed P and Relations to NaPi IIb Band1 and Band2 Expression
Linear regression analyses were performed using all individuals including the variables "net absorbed P" and "NaPi IIb expression". As demonstrated in Figure 5 , the calculated amount of net apparent absorbed P was significantly and positively related to NaPi IIb Band1 while the relationship to Band2 was the inverse and also significant (slope = 0, P < 0.05).
Phytase Activity in Jejunal Apical Membranes
The average enrichment of BBM was 2.037 ± 0.17 fold (mean ± SEM, n = 25) in final BBM preparations compared to initial homogenates. Mucosal phytase activity was not significantly different between feeding groups. However, a trend for an interaction (P = 0.079) between MCP supplementation and phytase treatment Figure 4B two way ANOVA revealed significant effects for the factor MCP supplementation (P < 0.01) (factor phytase supplementation n.s., interaction n.s.); means±SEM were presented, n = 6. was observed with a decrease in mucosal phytase activity in the BD+ group when the diet was supplemented with 12,500 FTU/kg phytase ( Figure 6 ).
DISCUSSION
Variations in Luminal P i provoked by the Dietary Intervention as a Stimulus for Modulation of P i Transporter and Ca
2+
Channel Expression
P is an essential nutrient in metabolism of the healthy chicken. In broiler production, feeding regimens to obtain high performance can be associated with a high environmental burden by P excreted with feces and urine. Increasing the utilization of plant P sources by adding phytases to the diet can reduce the need for supplemental mineral P. In addition, increasing the intestinal absorptive capacity by an appropriate nutritional intervention is of increasing interest. The amount of luminal P i was discussed to be important in modulating P i transport and P i transporter expression in chickens (Giral et al., 2009; Fang et al., 2012) . In the present . Mucosal phytase activity in jejunal apical membranes as affected by monocalcium phosphate (MCP) supplementation (BD− without MCP; BD+ with MCP) and phytase supplementation. Two way ANOVA revealed a trend for an interaction between MCP and phytase supplementation (P = 0.079) (factor MCP supplementation n.s., factor phytase supplementation n.s.) with a decrease in mucosal phytase activity in BD+ group when the diet was supplemented with 12,500 FTU/kg phytase; means±SEM were presented, n = 4 to 5. study two different dietary tP levels were used, both below nutritional recommendations for growing broilers. While InsP 6 -P was provided in equal amounts in all diets, the tP level was adjusted by supplementing a highly soluble mineral P source (MCP). In addition, two dosages of a phytase product, 500 FTU/kg as a commonly used dosage in broiler feeding and 12,500 FTU/kg as a dosage greatly above the recommended dosage, were used to increase the amount of luminal P i for intestinal absorption. While InsP 6 hydrolysis was >90% with 12,500 FTU/kg phytase in broilers fed diets with and without supplemental MCP, the 500 FTU/kg phytase supplementation caused an increase in InsP 6 hydrolysis only in broilers fed without supplemental MCP, thus indicating inhibition of phytase by supplemented MCP-P i (Zeller et al., 2015) .
The efficacy of MCP and phytase supplementation in enhancing luminal P i was reflected by increasing amounts of calculated net absorbed P in both intestinal segments (Zeller et al., 2015) . Concomitantly this was correlated with increased expression of NaPiIIb transporter. However, the luminal P i concentration in intestinal chymus (Zeller et al. 2015) was not correlated to transporter expression. To conclude, the amount of P i available for intestinal absorption was not mirrored by the P i concentration of intestinal digesta. This lack of relationship was probably the consequence of the high variability of P i concentration.
Modulation of P i Transporter and Ca
2+
Channel Expression in Jejunum and Ileum BBM by Supplemented MCP and Phytase Two sodium-dependent P i transporters, NaPi IIb and PiT1, were detected in protein levels in BBM of jejunum and ileum in broilers fed diets with different levels of MCP and different dosages of phytase. Interestingly, jejunal NaPi IIb occurred in two bands, which were inversely modulated by the diets. This indicated the expression of two isoforms of type IIb transporter in the upper small intestine of broilers. The existence of two NaPi IIb isoforms was also demonstrated in zebrafish (Graham et al., 2003) . The chicken protein sequence of NaPi IIb is highly homologous to that of zebrafish supporting the idea of the existence of two NaPi IIb isoforms also in broilers. Both transporter isoforms were located apically in the BBM and were responsible for intestinal P i absorption (Graham et al., 2003) . Zebrafish NaPi IIb1 was a low affinity, high capacity, P i transporter, which was active in the presence of high concentrations of P i . Zebrafish NaPi IIb2 was a high affinity, low capacity P i transporter which was active with low concentrations of P i (Graham et al., 2003) . Substrate-based modulation of transporter expression also is a well-known physiological phenomenon for regulation of other intestinal nutrient transport processes such as glucose absorption. For glucose absorption, sodium-linked glucose transporter 1 (SGLT1) as a high affinity, low capacity transporter is replaced by low affinity, high capacity glucose transporter GLUT2 after ingestion of high carbohydrate meals (Kellett, 2001) . Analogously in the broilers of the present study, NaPi IIb Band1 increased with increased amounts of P i released by phytase ( Figure 2A ) and might represent a low affinity, high capacity P i transporter isoform. Therefore, it is suggested that NaPi IIb Band1 was responsible for the increase in the net amount of jejunal absorbed P observed with MCP and phytase supplementation ( Figure 5A ). The close relationship between NaPi IIb Band1 expression and net absorbed P confirmed this hypothesis ( Figure 5A ). In addition, paracellular P i transport also could contribute to the overall P i absorption. NaPi IIb Band2 expression decreased with increased amounts of P i released by phytase (in BD−) and tended to be lower in birds fed supplemental MCP compared to those fed without MCP when phytase was not supplemented, hence, representing a high affinity, low capacity P i transporter isoform (Figure 5B) . However, differences in transporter protein expression were generally low in this study -although significant -which was most likely due to the moderate differences in tP contents of the diets. In the ileum, only one NaPi IIb band was detected, which is similar in size to jejunal Band2. The protein expression of this high affinity, low capacity NaPi IIb was also reduced by supplemented phytase similar to the expression pattern in the jejunum. However, ileal net absorbed P was increased by supplemented phytase (Zeller et al., 2015) despite decreased transporter expression. One possible explanation for this apparent contradiction is that P i could be transported via a paracellular route in this intestinal segment (Sabbagh et al., 2011) . Furthermore, other transporters may play a role for the ileal P i transport.
In both segments of the broiler small intestine, a second sodium-dependent P i transporter type, PiT1, was first described in this investigation. This transporter belongs to the type III sodium-dependent P i transporters and is a well-known housekeeping P i transporter responsible for the basal P i uptake in all body cells (Kavanaugh and Kabat, 1996) . In the present study expression of PiT1 was modulated in jejunum and ileum BBM by supplemental phytase, but the sharp decrease in PiT1 expression in jejunum of birds fed 12,500 FTU/kg without supplemental MCP could not yet be explained. In the ileum, PiT1 expression significantly decreased with phytase supplementation. PiT1 was characterized as high affinity, low capacity sodiumdependent P i transporter (Ravera et al., 2007) and was found in apical membranes of enterocytes implicating a role in intestinal P i absorption (Giral et al., 2009) . Thus, kinetic characteristics of this type III transporter could explain its down-regulation by high concentrations of available P i as provoked by phytase supplementation in the ileum of the broilers similar to the modulation pattern of the high affinity, low capacity NaPi IIb Band2 transporter. However, similar to the decrease in NaPi IIb Band2 transporter expression, the decrease in PiT1 expression in the ileum could not explain the increased amount of net absorbed P with phytase supplementation in this segment. The exact regulatory processes and the quantitative role of this P i transporter for intestinal P i absorption in chicken still have to be determined. Beside the paracellular route of P i transport, solubility of P i may also play a role for modulation of absorption.
Solubility of P i in digesta depends on Ca 2+ availability. Hence, the Ca 2+ :P i ratio is of great importance for complex formation in the intestinal lumen and formed complexes limiting the amount of free P i . In the diets with and without supplemental MCP containing no phytase, the Ca 2+ to tP ratio was kept constant at 1.5:1, but the Ca:InsP 6 ratio was higher in the MCP supplemented diet. Thus, the luminal ratio of Ca 2+ and P i might be different depending on release rates of InsP-P i by phytase and other phosphatases present in the gut and capacity for Ca 2+ absorption by the enterocytes. In mammals, the first rate-limiting step of intestinal Ca 2+ absorption is the entry into the enterocyte across the BBM, which is mediated by the TRPV6 (Hoenderop et al., 2005) , a Ca 2+ -transporting channel which was also expressed in the small intestine of laying hens (Yang et al., 2011) and in the jejunum and ileum of the broilers in the present study. Supplemental MCP increased the expression of TRPV6 in ileum BBM and numerically also in duodenal/jejunal BBM, but this lacked statistical significance. Higher expression of TRPV6 was a consequence of high dietary Ca 2+ (Hoenderop et al., 2005) . In the present study, diets containing MCP also contained higher concentrations of limestone compared to the diets without supplemental MCP. Hence, increased expression found in birds fed supplemental MCP indicated an enhanced availability of luminal ionized Ca as a result of higher dietary Ca concentration and differing Ca sources (which may differ in solubility) compared to the diets without MCP supplement. Increased Ca absorption via TRPV6 in BD+ groups will lower the Ca-P complex formation and provide more P i to be absorbed by paracellular and transcellular pathways. This was reflected in higher amounts of net absorbed P in BD+ groups in both small intestinal segments of broilers.
Potential Modulation of P i Transporter Expression in Jejunum and Ileum BBM by InsP 6 Derivatives
Whether InsP 6 derivatives themselves as produced by phytases and other phosphatases may influence P i transporter expression by so far unknown mechanisms is debatable. MCP and phytase supplementation generated different patterns of InsP 6 derivatives along the gut axis (Zeller et al., 2015) . Especially the InsP 3 derivatives, due to their structural similarity to the second messenger Ins(1,4,5)P 3 , and the end product after complete InsP 6 hydrolysis, myo-inositol, may evoke signaling pathways which modulate intestinal P i transporter expression. Pearson correlation coefficients showed significant negative correlations between NaPiIIb Band2 expression and concentrations of InsP 4 and InsP 5 isomers in the ileum (NaPiIIb/Ins(1,2,5,6)P 4 , r = −0.37, P = 0.05; NaPiIIb/Ins(1,2,3,4,5)P 5 , r = −0.37, P = 0.02; and NaPiIIb/Ins(1,2,4,5,6)P 5 , r = −0.34, P = 0.04). Significant positive correlations were detected between PiT1 expression in jejunum and concentrations of lower InsP 6 derivatives (PiT1/Ins(1,2,3,4,5)P 5 (r = 0.39; P = 0.02) and PiT1/Ins(1,2,4,5,6)P 5 (r = 0.44, P = 0.01)). In the ileum, PiT1 expression and concentrations of InsP 4 isomers (PiT1/Ins(1,2,3,4)P 4 , r = −0.43, P = 0.04; PiT1/Ins(1,2,5,6)P 4 , r = −0.58, P < 0.001) and also of InsP 5 isomers (PiT1/Ins(1,2,3,4,5)P 5 , r = −0.43, P < 0.01; PiT1/Ins(1,2,4,5,6)P 5 , r = −0.42, P = 0.01) were negatively correlated. Besides regulation by available P i , this indicated a local modulation of intestinal transporter expression by lower InsP derivatives and by myo-inositol.
Influence on Endogenous Mucosal Phytases
Activity of mucosal phytase may provide P i for absorption at the surface of the epithelium in addition to the dietary MCP and P i released by supplemented phytases. Hence, the local P i amount for regulation of P i transporter expression could be also determined by mucosal phytase activity. However, regulation of this endogenous enzyme has not been well examined. Cholecalciferol and P did have an inverse effect on maximal phytase activity with an increase by cholecalciferol and a decrease by high dietary P (Onyango et al., 2006) . In the broilers of the present study, a significant trend for an interaction occurred between MCP and phytase supplementation (P = 0.079) with lower phytase activity in the BD+ group when the diet was supplemented with 12,500 FTU/kg phytase compared to the other groups. In this group, luminal P i concentrations and amounts of net absorbed P were the highest compared to all other groups indicating that phytase activity and, potentially, protein expression was downregulated in the presence of more P i . Furthermore, lower InsP derivatives and myoinositol may also be involved in the local regulation of endogenous mucosal phytase expression. However, the quantitative role of this process cannot yet be assessed.
To conclude, this study provides evidence that supplemental phytase not only improved intestinal P digestibility but also led to adaptation of P i transporters in broilers. Most likely, the amount luminal of P i was an important factor to modulate expression of transporter proteins. However, other factors such as Ca:P ratio and lower inositol phosphates produced by phytase activity might be involved in regulation of transporter expression. P i transport in chicken intestine and its regulatory pathways has to be studied in more detail to optimize dietary intervention regarding P utilization for improved metabolic performance and lower environmental pollution.
